W”
ODU

November, 2011




Rutherford scattering

detecting screen

gold foll

o-particle
emitter



Rutherford scattering

detecting screen el o [EEE
% o 52?25!2()‘(1

gold foll

o-particle
emitter






: mv, o RN
N n.»‘. ..A.&Un“‘

= Q..

Byt NS

. ‘S
’.




Glimpsing colour
In a world of black & wh




ersonlab

L Y, Exploring the Nature of Matter

proton neutron

bylfm) b, [fm]

15 15
1 1
05 05

0 0
-05 -05

-1

-1
-15
. by [
=1.5-1-050 05 1 1.3 —-1.5-1-0.50 05 1 1.5
b, [fm] b, [fim]
LS
1
0.5

-15
by [fm)

0
-0.5

-1
-5

=1.5-1-050 0.5 1 1.5

Jefferson Science Associates, LLC
6\ a @/ESC Company




Colour Forces

energy N
density |




é’ﬁerson lab

__Exploring the Nature of Matter




zmamﬂ'ﬁvam\f Matter

Polar cap

Néutron Superfluid +
Neutron Vortex  Proton Superconductor
Neutron Vortex




oy Mg Exploving the Nature of Matter




Baryon octet

940 }E- | <::)<::> }E-+

energy

1

Ground States I



Baryon octet

udd uud

dds OO uus

uds

energy dss uss

1




Hydrogen Atom

Y
\




Hydrogen Atom

=
e
-\




V()

Electromagnetic Force -
p




Hydrogen Atom VeIt




Hydrogen Atom VeIt




Hydrogen Atom vacuum

vacuum — the Dirac sea

»




Helium Nucleus

1014 m




Helium Nucleus

1014 m




Helium Nucleus

1014 m




Hadrons

mesons

nt, mO,

K*, KO

p+1 p01




Quark Model

’ =, A
B+S

1962

h]

‘R\\\\\ u§
B+S /
A uu, da >ud

yUUS du

dss sd

Q=|3+Y/2




Hadrons

mesons

nt, 0, T

K + K O Elementary Particles
)

Leptons Quarks




Baryon octet

N P
T — 1320
2, \ = 1130
p,N 940f 3- 3 +
(R
W N
=" =

energy

1

Ground States I



Baryon octet

udd uud

dds OO uus

uds

energy dss uss

1




Meson multiplet

ds us

o




Pseudoscalar multiplet

KO K*
o
v
° M
S1 Sy
a 9 N Ko
<___ .~
L



Vector multiplet

K*O K*+

- +
p p
P o
Sq /32 [ 3 ® ]
0-8 ®e
= *~ 1./ 5 ( | e .
q 'q K K> I ol
< __ > " o
L v 1'10 15

S = 1, L= 0 M(KTC) GeV



Quark multiplet




Vector decays

K7t

cl

energy

1

37T

2T



Vector decays 0
s KK

)\

K* ;
()
P
KT
37
+
K
27
u
T energy
K 1
0




Vector multiplet







Hadrons

mesons

nt, mO,

K*, KO

p*, %,




] e
probing excited baryons . /

B ... EcplornGPheNotuaagt Matter






P
n

Building hadrons

baryons

ofele
uud

ddu

49

mesons
aq

ud
(u - dd) N2
du




color wave-functions

"6

[uud + uud + uud

- uud - uud - uud]




1971




CD

asymptotic freedom

2 | p
%3\\ strong coupling /h\

y' g/ \ ' /%,
4 N //
’f' \\“ / L \
\ /’
[ \ [ e :\ B
¥ | || o%f r [

- Y | \ N )

‘\\ % =5 l\‘n il £
3 \\‘.\":\ : /'/’J

R

strong QCD

-15

r(m)




C

/‘%\ | strong coupling

N
// iﬁ \\ /
/'/ \
\\\
[ NV
| )| 05 ’
G % |
\ /
N\ y
\ >

-15
0 10
r(m)




vacuum — condensates

»

u/d quarks propagating

LR

300 ¢

MeV

Mass

1017 10-14

r(m)




Strong physics problems

bound states

perturbative QCD

confinement

non-perturbative QCD

mass generation

207 —_—

r(m)



Hadron masses 2




Hadron masses 2




Hadron masses 2




arks, gluons S
QCD angian
su‘(Nf)

u, d




guarks, gluons hadrons
QCD tive Lagrangian
SU(Ny) SU(N;)




guarks, gluons hadrons
QCD tive Lagrangian
SU(Ny) SU(N;)

SU(Ns) x SU(N) SU(N;) x SU(N)




left-right symmetry

A= —
==



guarks, gluons hadrons
QCD tive Lagrangian
SU(N) SU(N;)
— . Du
q (%D -mg)q
= 1- | 1 ad
m,my = 1-5MeV << -7 G Guv

SU(Ns) x SU(N) SU(N;) x SU(N)

pontaneous XSB




lron Ball

p s a
3 P
>

P4
4
~ N

ol
ol

not magnetic magnetic



Magnetisation

Q’ \_

T>Te T<Tc

Mag. Mag.



pseudoscalar



Ground State :

Chiral symmetry breaking I

AT

vacuum



vacuum — condensates

»

u/d quarks propagating

LR

300 ¢

MeV

Mass

1017 10-14

r(m)




guarks, gluons

QCD

SU(N;)

SU(N;) x SU(N)

dynamical XSB
(aqg),{aGq)

hadrons

ctive Lagrangian

SU(N;)

1 KV
-76 Gy

SU(Nf) X SU(Nf)

spontaneous XSB

(o)






Mass generation

wavefunction
renormalisation

/

)
) = MG)

\

mass function

Chiral symmetry breaking I



Quark mass function

Williams,
Fischer,
P

a; > 1 —> XASB

0
10 E T Illllﬂl T Illllﬂ'l T lllIIITI T IIIIIIII T Illllmq T |1|l|ﬂ| T l||un] T IIIIIIII T |||ul‘él
-1 100 MeV
10 F . :
: ; ‘< ‘v..," .’0:0-0-00...._._._....‘...;
- | b S
(D 'D_"b"’- | 30 MeV
i 10-2 = ’>"’.>"""">+->.>>-b =
Bl U E - 100 MeV ey ]
E C « 70 MeV 1
- + 50 MeV ]
i < 30 MeV u/d 3 MoV
10'3 — r 10 MCV = 4
: v 3MeV mass generation
10-4 1 lnuu] 1 ||11|u,| 1 1|||||| L Lol |n1|u] I |1|1|u] 1 1||||||| 1 11 || 11
-4 -3 -2 -1 0 1 2 3 4 5
10 10 10 10 10 10 10 10 10 10 _—
2 2
p (GeV)
| ass
(MeV)




Lattice and SDE results |

! I ! I ! I
Rapid acquisition of mass is
__ gffect of gluon cloud
- Bowman et al

0.4

0.3 — m=0(Chiral limit)] |
= — m=30 MeV
s
=,
=0.2
=
0.1

Bhagwat & Tandy / Roberts et al



Quark mass function

Williams,
Fischer,
P

a, > 1 —>

XSB

100: T ||||||| TT I\IIIII 1 II-IIIIII 1 ||||||I‘ T TTTTT T TTTT T TTTIIT T |||||T| LI ||||||I T llllr?
10"F - 100 MeV _
- . w@iﬁi’,ﬁl‘ifﬁ?:"":
s T Me e
_2 | |
10 . 100 MeV
: ¢« 70 MeV ]
: . 50 MeV -

- < 30 MeV
103k . 10 MeV i
= v 3 MeV ;
B chiral i
10_4 11 |||||I| 11 I\Illll 1 ||I||||| 1 |I|||I|‘ 1 ||||I|\| 1 ||III|I| 1 ||I||||| 11 I||||_|J L ||||||I L
10" 107 107 100 10° 100 10° 100 10° 100 10

<qgq>, ~ - (240 MeV)?

p’ (GeV?)

6

ass generation
&

(MeV)
00

0

Z4 —
10" 10" 10" 0™
r (m)







Mass generation

<qgq>, ~ - (240 MeV)?

25

20

T
A  Pennsylvania

® Geneva - Saclay
B BNL E865




Mass generation

<qgq>, ~ - (240 MeV)?

NA48/2 | | Ked4 PRELIMINARY
1 Universal Band fit | |

04 _statlstlcalerrorsonly ______________________




Ground State :

Chiral symmetry breaking I

AN

vacuum



color wave-functions

"6

[uud + uud + uud

- uud - uud - uud]




p(770) color wave-function




p(770) color wave-function




color wave-functions

"6

[uud + uud + uud

- uud - uud - uud]




Colour Forces

energy
density




Spectrum of hadrons

Rutherford:
“Sclence Is either physics or stamp-collecting”




2200

2100

2000

1900

1800

1700

1600

1500

1400

1300

1200

Nucleon model states (mN couplings)

N experimental and model states below 2200 MeV

1900

S

B |
| — [ |
Lo | | ___
i . 1680 - 1675
[
1535
| — 1520
T
[ I |
[ 1440 ] —
i R »
I Capstick| et al.
P
N1/2" N3/ Ns/2" N7/2 N1/2 N3/ N5/2 N7/

PDG mass range

N=3 band
(e
—

N=0,1,2 bands

Infant Quark Model

M— N7 amplitudes

| |
0 5 >10Mev1/2

WD a



2200

2100

2000

1900

1800

1700

1600

1500

1400

1300

1200

A model states (mN couplings)

A experimental and model states below 2200 MeV

i 2000 .
i :
B : : S
m=m B
7—:| E :
I ]
o — | |
e e : i i
noars0 | |t
e |
| | )|
i} 1232
a2t a3t asnt oAt A2 AT AsT

PDG mass range

N=3 band

—
N=0,1,2 bands

— N7 amplitudes
0 5 >10Mev!/2

:{O8)

W=o

We



A model states (mN couplings)

2200

2100

2000

1900

A experimental and model states below 2200 MeV

1950

________

PDG mass range

:{O8)

q
3

q=u:d’3 7c’b

| pm e
| )|

1500

1400

1300

1232
1200 — - -
a2t a3t asnt oAt A2 A32 AS/2

1

Fuw F*

0 5 >10Mev!/?2

We




tN— ©tN scattering

do/dQ

40

0

0

0

0

1234 MeV 20

1449 MeV 4}

1678 MeV 253

1900 MeV 75}

TP — TP

0

TpP—=TP TWTpP—T7N

4

2




tN— ©tN scattering

TP —=7TP wp—s>mp 7mp—=>nn

1234 MeV

1449 MeV

1678 MeV

1900 MeV




N amplitudes

1200

0.1

1600 2000 ¢

0.03 T T H
0.02 @
0.0l
oL L
1200 1600 2000
W (MeV)

7 0.4

0.3
1 02
0.1

0
2000
0.8

1200

0.6
0.4
0.2

1600 2000 ¢ 1200 1600 2000
W (MeV) W (MeV)

Isospin 1/2
Imaginary T

Julia-Diaz, Lee, Matsuyama, Sato



ntN exclusive channels

;In'N—|>TE'N| ) I | | I s I | T | ' |§

10E 1
—~ - -
o [ B ]
\E/ 15_ ~"'..._'.m %
0 - T P> T Ti% e
0.1 j : IE

- T ap>KA | :

i i i

i

0.01 L 1 PR T TR N A N PR AT R N

1 1112 13 14 15 16 1.7 1.8 19 2 2.1
W GeV
















gffersonlab 12 Gev 'up'grél'de'.

J - Explﬂinﬁ'fﬁi‘"mnngaﬂcr 3

New Hall

Upgrade arc magnets

Add 5 /— \{ and supplies
cryomodules /

"~ upgrade

AN 20 cryomodules

P
| Add 5

cryomodules

Enhanced ca{p/abilities
In existing Halls




i

defiersonlab 12 Gev.upgrade

B CLAS12



Mesons: JPC guantum numbers

o++ 27t

quark model




JPC

Mesons: quantum numbers




Calculating Exotic Mesons sl\ S /52

guark moclel

3




A
© GameWallpapers.com hosted by JTLnet.com

Wallpaper (C) GameWallpapers.com. Artwork (C) publisher cum suis. No part of this wellpaper may be repraduced or transmitied without prior written consent of GemeWallpapers.com



JTLnet.com
fiallpzpers.com



Wrsan, o
UGt HLNPLCH Al wo ¥ w25 F "

o dsidlod Lodilel kol wrsatl # W AL AR

- ‘qv.'_“‘ é

Tiberium developer(EA|LlosiAngeles|puoii e : l ( ‘GameWadlea ers.com hosted by JTLnet.com

\ Wallps,

uis. No part of this wellpaper may be rep



Isovector Meson Spectrum

M States with Exotic Quantum Numbers
GeV | D+- |
1o+ f o3 *
;¥ o
. | E|

— ]+ % :,

15t previcus
studies |

guenched + + + 163
dynamical + + + 1—‘-‘”:;

I ﬂfz II I:I.IEI I I Gf-ﬂ- — I:I.IE II I E'TE- j r
2 m? [ GeV?

My
Dudek et al.




©

10° Events

00f75 1i0 1-125 11-5 1-175 21-0 2}25 2f5
M(TM) GeV



©

n

1000

800

600

£00

200

| |

00-75 T O

M(TTN) GeV

1000

800

600

400

200

COSB’GJ >O

00'75 L S N

M(TTN) GeV




++*++ "
+ gt ++++++**“++‘
h

075 1 125 15 175 2 225 25
M(TTM) GeV

i
0 ii***+*{ **+++

O
-]
A(F-B) k.events




700
¥
n ++
p . %
— % 11 {m +
p n N * + +HH++++++ o
@ 0 QHHH {4 + "y
17+ < P

075 1 125 15 175 2 2725 25
M(TTM) GeV



BNL-E832: wmp—wmwnn p

_ T
T +
R TC
T
oy
| |IP,f) p % T
; 8000}
— — § 20000F
P P \0,
g o 10000
- L
=
P
=

| | | |
1.0 15 2.0 0.5 1.0 1.5
Mass (GeV/e?)

250k events



BNL-E852:

TP —nT7pP

300

200

100

200

100

0

I ' I v | ! 1]
IDI2+1D,12 :

S T ety
- &l -
-—*-,*—-‘ff 5 %i-t-t

L 1 L L l

1 : 14 16 1-8



Intensity
2
=
o

BNL-E852: wp—mnnmp I

Monte Carlo

Mass (GeV/e?)

with NO 177
HI @) | 1500} W | (b)
i, Por B LB
| R soop |11l W H{
T I
N i ol al -*H:hlh.ﬁvitj
1.0 15 2.0 1.0 15 2.0




BNL-E852: =« P — T P I a4(1260)
[

minimal set of partial waves

21/ 24/ 27

8000 0+ (a) | 40000F ,L 1+ (b)
8 . : g !
) $'t L
> 4000} ;mmi' ++ ; 20000}
W L b
S ﬂ, P P
s | ¢
- 1 | | | 1
> 1.0 1.5 2.0 1.0 15 2.0
b ” i % d
4 27t O 0000 pit )
= 20000+ o *
S [ ]
- . L) ®y
o °
10000} : '. 10000
. -y .“u.- : "
.-P-. ] * 1 *l i
1.0 15[ 2.0 1.0 15 2.0

Mass (GeV/c?)

M»(1670) a5(1320)

Adams et al., Chung et al.



BNL-E852: m p —m'm @ p I a1(1|260>

8000} 0+ (a) | 40000F ,L [ (b)
minimal set of partial waves & ! 4 -,
S b # .
> 40001 o % T, ¢ 20000r +
21/ 24/ 27 3 R P
1 I [l T~"‘\'~5__
kg 1.5 2.0 1.0 1.5 2.0
21 waves AMP 27 waves AMP E 2-+ :‘. (C) 200001 % 2++ (d)
6000} + L by | 10000} .
L [ + | : o. ™ .y
F1o b I H } ¢ ‘. .
t +++ t tt E o oong o
I t M| 2000F + Tt W - " oA %
2000 +H+ ' ++~+ bt +++i,++ | +++ L ! = Al i
T 4 b ¢ 1.0 1.5] 2.0 1.02 1.5 2.0
[z V5015 20 09015 20 Mass (GeV/c?)
D
= 24 waves BW
- L o 71:2(1670) a2(1320)
8000} Hﬁﬂ
f
by -+
4000 i ++++++ h O
: M Adams et al., Chung et al.
V5015 29

Mass (GeV/c?)



BNL-E8S8532: wp—mnnnnp

600 { Q) ’ b)
400 1000 ) { |
200 :+ + ’w M {ﬂh + } ﬂ

400: *
1000} M{ I m
I “} *iﬂ H 200 |}

Intensity

1500} ’ e)

1000 \

500 | +*++A“+
b ot 4

0 15 20
Mass (Ge

o -+ ++
ariation of 1 with 0

Chung et al.



BNL-E8S8532: wp—mnnnnp

600: { q) ﬂ \ b)
400: m ”M 1000} H’W |H
o Wy T
b -U{'o 1'! ‘ﬁtﬁﬁ.ﬁﬁ a +++1'0 1'5I +j.+::++++*++ COMPASS
- : | 3 2 c) - * 3 2. _ 1 @CERN
'%\1000 ! H{ﬂ | M{ 400: m | - H
= _ “} m H+ 200} ++ ! H” 600; ‘
HH ! T ++++++++++++++ [ ++H H+ i g
L W v e e i g 0
1500} e)
m ’ 200
ol m M “ 026*(’:'*1)81 S R e st
S P T

Mass (GeV / 02)

Chung et al.



0.2

K(890)

B0)

770)

0.5 1 16 2 25 3 35
m3(K% n*)

G

Precision analysis tools



Precision analysis tools




Precision analysis tools




é’ﬁerson lab

__Exploring the Nature of Matter




zmamﬂ'ﬁvam\f Matter

Polar cap

Néutron Superfluid +
Neutron Vortex  Proton Superconductor
Neutron Vortex




oy Mg Exploving the Nature of Matter



















parton structure
of the nucleon




] e
probing excited baryons . /

B ... EcplornGPheNotuaagt Matter









—

= == MNucleon Resonance Structure in Exclusive
é’i_lcmmlumon at High Photon Virtualities

== withthe CLAS 12 Detector Werkshop

N*




Internal Landscape of the Hadron

Spatial
Momentum
Flavor

Angular momentum

Parton Distribution Functions

QTho mas Jefferson National Accelerat Facility
Exploring the Nature of Matte




Spin of the proton




Internal Landscape of the Hadron

GPDs
Form Factors  Structure Functions  Fully-correlated
transverse quark longitudinal quark distribution in
distribution in quark distribution both coordinate and

Coordinate space in momentum space momentum space




L

Strong Coupling
CD



«6»

OLp
[ DMINION

UNIVERSITY

T ghes - l. .. ..l-‘.""i.'.:'-"'—"’ TA \._‘






: mv, o RN
N n.»‘. ..A.&Un“‘

= Q..

Byt NS

. ‘S
’.




